Abstract Microbial oils are considered as alternative to vegetable oils or animal fats as biodiesel feedstock. Microalgae and oleaginous yeast are the main candidates of microbial oil producers' community. However, biodiesel synthesis from these sources is associated with high cost and process complexity. The traditional transesterification method includes several steps such as biomass drying, cell disruption, oil extraction and solvent recovery. Therefore, direct transesterification or in situ transesterification, which combines all the steps in a single reactor, has been suggested to make the process cost effective. Nevertheless, the process is not applicable for large-scale biodiesel production having some difficulties such as high water content of biomass that makes the reaction rate slower and hurdles of cell disruption makes the efficiency of oil extraction lower. Additionally, it requires high heating energy in the solvent extraction and recovery stage. To resolve these difficulties, this review suggests the application of antimicrobial peptides and high electric fields to foster the microbial cell wall disruption.
Introduction
Biodiesel, a promising renewable liquid biofuel, is an alternative to petroleum-based fuel. High production costs are the main obstacle to its wide spread application (Yousuf 2012) . Currently, biodiesel is produced from vegetable oils, waste cooking oils and non-edible plant oils. Vegetable oils, such as rapeseed oil, sunflower oil, corn oil, and rice bran oil, contribute to the world's food supply; therefore, their use as biodiesel feedstock produces a food-versus-fuel conflict (Adamczak et al. 2009 ). On the other hand, waste cooking oil is not feasible because of its limited supply. Microbial oils or lipids, which are produced by oleaginous microorganisms such as microalgae, yeast and fungi, have been considered as a promising alternative of vegetable oils for biodiesel synthesis.
However, high fermentation and extraction costs limit their large-scale production . Some inexpensive media such as industrial wastewater (Cheirsilp and Louhasakul 2013; Yousuf et al. 2010) , crude glycerol (Papanikolaou and Aggelis 2009) , molasses (Zhu et al. 2008 ) and lignocellulosic hydrolysates (Yousuf 2012) have been suggested to reduce the fermentation costs.
Although low-cost media have been developed, the processing of microbial oils is still a challenging task. The conventional method of biodiesel preparation from microbial biomass consists of multiple steps, such as biomass drying, cell disruption, oil extraction, separation and esterification (Cheirsilp and Louhasakul 2013) . These steps are associated with high temperatures, long processing time, addition of large amounts of solvents and high overall costs. Therefore, direct transesterification method has been proposed that eliminates the biomass drying, lipid extraction and separation steps. According to this process, esterification is carried out directly within the wet biomass, which decreases the processing time, solvent usage and ultimately the production costs of biodiesel.
However, due to the high water content of the biomass, the esterification reaction is slow and lipid transfer from microbial cell to reaction medium becomes inefficient because of bulk reaction volume. Therefore, this review describes the already-developed methods with their limitations and proposes innovative solutions to overcome these shortcomings of direct transesterification of microbial oils. Abel et al. (1963) were the first to propose direct transesterification of microbial lipids. Since then, several researchers have practiced it as a simple, easy and rapid method to quantify fatty acids by merging extraction and transesterification into a single step. In this process, wet biomass is treated with a mixture of methanol and inorganic acid or base catalyst in a single reactor resulting in the reactive extraction of lipids as fatty acid alkyl esters (typically fatty acid methyl ester, or FAME). Methanol acts both as an extraction solvent and an esterification reagent (Park et al. 2015) . This method saves time, reduces the addition of toxic solvents to the environment as well as processing costs. The basic difference between traditional and direct transesterification is illustrated in Fig. 1 . Although direct transesterification offers several advantages over traditional transesterification, it has only been studied at the laboratory scale. To make it realistic for large-scale practice, a number of challenges need to be addressed in terms of product yield and processing cost.
Direct transesterification

Oleaginous microbes and culture medium
Different groups of microorganisms (microalgae, yeast and fungi) have been studied for the production of oils as an alternative of plant oils and animal fats . Synthesis of microbial lipids, also known as single cell oils (SCO), has some exclusive benefits compared to vegetable oils such as they can be grown on despoiled and non-agricultural lands to avoid the use of arable lands and crop cultivating areas and can use salt and wastewater flow, thus reducing the use of fresh water (Schenk et al. 2008) .
For the purpose of biodiesel synthesis, the most studied group of oleaginous microbes are the microalgae. Microalgae can produce high amounts of biomass with rapid lipid accumulation capability and a high CO 2 confiscation rate (up to 6.24 kg m -3 day -1 ) compared to traditional crops (De Schamphelaire and Verstraete 2009; Halim et al. 2011) . On the other hand, yeasts are suggested as better candidates compared to fungi and microalgae for the production of SCO for non-food uses. Generally, their cultivation is easier and growth rate is faster than microalgae, even their duplication time is less than 1 h in some cases. There is no effect of environmental conditions, seasonal production or topographical location for the farming of yeast, contrary that are crucial in the case of vegetable oils. A major advantage of utilizing oleaginous microbes for the production of SCO is that they do not compete with food or feed creation; rather, they grow on renewable resources such as agro-industrial residues, industrial effluents and inedible crops Siddique et al. 2014; Yousuf et al. 2010) . However, the cost-effective biodiesel production from oleaginous microbes is dependent upon the optimization and improvement of fermentation procedures.
Autotrophic cultivation is the most practicable harvesting process for Chlorophyta (green microalgae). Light irradiation and CO 2 are the main components of this harvesting process. Indoor culture of microalgae is associated with sophisticated and costly phototrophic cultures in photo-bioreactors and controlled CO 2 supply as a carbon source ). Heterotrophic growth is the possible alternative of phototrophic cultures, where microbial species are cultured in absence of light and atmospheric CO 2 is replaced by organic carbon sources. The use of industrial wastewater as nutrient is a viable option for the heterotrophic culture (Schenk et al. 2008) , which offer extra environmental and economic benefits.
Oleaginous yeasts accumulate intracellular lipids in conditions of excess of carbon nutrient with limiting nitrogen sources (Wu et al. 2011) . Commonly used nitrogen sources include yeast extract, peptone, ammonium sulfate etc. The use of yeast extract as a nitrogen source can enable high amounts of cell biomass and lipid content to be attained; for example around 24 % lipid was accumulated by Rhodotorula glutinis and 22 % by Lipomyces starkeyi (Kumar et al. 2010) . Interestingly, the above mentioned commercial nutrients can be replaced by waste residues (Yousuf 2010) for the culture of yeast, which significantly decreases the cost of feedstock. Several waste residues have been studied as carbon and nitrogen nutrient in culture medium, summarized in Supplementary  Table 1 .
Lipid extraction methods
The procedure for the production of biodiesel from microbial oils involves mainly three steps such as biomass drying, lipid extraction and transesterification. Usually biomass is dried at 60-70°C, so that lipid composition remains unchanged. If a high temperature ([70°C) is applied, the total lipid content may decrease slightly (Widjaja et al. 2009 ). To achieve rigorous and complete extraction of intracellular lipids, the Bligh and Dyer (1959) method is commonly used with small variations. In this method, a mixture of chloroform, methanol, and water is used to perform the extraction and the solvent ratios are balanced to form a single phase with the sample water. After completion of the extraction, phase separation is achieved by diluting the mixture with chloroform and water, allowing the extraction lipids in the chloroform phase. Most alterations or variations of this practice include the changing of the solvents and their ratios. For instance, methylene chloride has been used as a substitute of chloroform and variations in extraction time, temperature, and solvent ratio have been reported by Chin et al. (2006) ; Nelson (2010) ; Perveen et al. (2006) and Wu et al. (2005) .
In the third step following the Bligh and Dyer-based extraction, the lipids are transesterified with the addition of an alcohol (methanol/ethanol) and a base or acid catalyst. Thus, this overall three-step process requires significant amounts of solvents as well as processing time. Although these methods can potentially be scaled up to extract intracellular triacylglycerols, the cost and toxicity of the solvents are the main concern.
The lack of efficiency of solvent-based lipid extraction methods, in some cases, has led to the development of other alternative extraction techniques. Of the new techniques, the microwave assisted and supercritical fluids extraction (SFE) methods have gained the best recognition (Carrapiso and García 2000) . The most positive side of the microwave technique is that, it is a rapid method and does not require drying the sample (Pare et al. 1997) . SFE technique has attracted attention because it requires lower amounts of organic solvents and has a favorable condition for waste disposal after the reaction (Randolph 1990 ). However, Eller and King (1996) suggested that some conditions affecting SFE, such as particle size and water content of biomass need to be improved to gain efficient extraction. On the other hand, microwaves heating needs highly polar solvents, such as water, dimethyl sulfoxide and methanol to show its maximum efficiency compare to less polar solvents such as chloroform or hexane. Another exercise is the use of sonication to disrupt the microbial cell wall during the lipid extraction (Belarbi et al. 2000) . Sonication helps to improve lipid solubility but adds significant costs. Within all the derivatization of the Bligh and Dyer methods, the principle mechanisms of extraction remain the same. Since both of the techniques are related to large amount of solvent volume, they create an extra burden or addition of toxic solvent to the environment. Therefore, to overcome these limitations and to make the process faster, direct transesterification proposes has been proposed as a better solution.
Limiting factors of direct transesterification
Though direct transesterification offers shorter processing time and lower production cost of biodiesel from microbial biomass, it requires further investigation to improve the factors.
Cell wall breakup
The main difficulties that have to be faced in direct transesterification, is the disruption of microbial cell wall. The yeast cell wall is basically a rigid but adaptable polysaccharide/proteinacious cage, which confers both cell integrity and cell shape, and is essential for survival in natural environments, i.e. in media devoid of osmotic stabilization (Backhaus et al. 2013) . During the direct transesterification process, intracellular lipids are required to be extracted into the reaction medium and partitioned into hydrophobic solvents, such as hexane or pentane (Halim et al. 2012b) . Therefore, numerous methods of chemical, mechanical and combinational cell disruption have been developed to bring out the lipids from inner compartments of yeast cell to the solvents. Mostly studied techniques are ultrasound sonication, steam explosion, high-pressure homogenization, osmotic shocks and bead-beating (Halim et al. 2012b; Yousuf 2012) . The layer between cell surface and hydrophobic solvents prevents lipid extraction. However, a number of techniques can destabilize the cell wall to facilitate oil extraction from wet microbial biomass. Addition of ions, biomolecules and nanoparticles to the medium contributes to the weakness of the cell wall. Huang and Kim (2013) achieved 100 % oil extraction from wet microalgae using a cationic surfactant-based (cetyltrimethylammonium bromide) material to assist cell disruption method. Gursong et al. (2014) studied cell disruption using tertiary-amine cations deposited on poly-dimethylaminomethylstyrene (pDMAMS) film and gained a cell disruption yield of 26 %. Ultrasonic technology has been intensively studied by Wu et al. (2015) for microbial cell disruption. They used thermal treatment along with ultrasound to weaken the cell wall and observed positive results with increasing temperature. In the bead-beating technique, when cell wall breaking was accomplished with glass beads, superficial liquid velocity (ranged from 10 to 30 cm/min) strongly influenced the degree of disruption (Charinpanitkul et al. 2008) . Additionally, smaller glass beads (1000 lm) yielded a higher degree of disruption than larger ones (2000 lm). Agitation was another factor which influence to disrupt the cell wall making it faster (Charinpanitkul et al. 2008) . Particularly, for the yeast cell breakage, mostly traditional methods (Table 1) have been practiced in laboratory analysis.
Catalyst selection
In the transesterification reaction, homogeneous base catalysts have been used because of their moderate reaction conditions and faster reaction rate than acid catalysts (Vicente et al. 2004 ). Base-catalyzed reactions on the other hand, cause the formation of soaps from cellular free fatty acids (FFAs). Soap formation increases the cost of downstream processing as it results the formation of gels, increases viscosity, and makes difficulties in product separation stage (Carrapiso and García 2000; Kakkad et al. 2015) . The presence of water is another factor which affects the use of base catalysts. When water is present in the system, hydrolysis of the alkyl esters into FFAs is assumed, which leads to further soap formation. Soap formation can be avoided with the use of strong liquid acid-catalyzed processes where the FFAs are converted to the ester through acid mediated esterification. Nevertheless, acid catalyzed reactions necessitate higher temperatures and longer reaction times than base-catalysis (Freedman et al. 1984) . Based on these considerations, the acid-catalyzed transesterification process is likely to be more economically viable during large-scale processing. Conversely, this method has been developed mainly for laboratory scale reactions and is used for analytical quantification of lipids. For example, most laboratory methods use excess solvents and prolonged reaction times to ensure complete recovery (Lewis et al. 2000) . Therefore, the method needs to be modified and optimized for large-scale production.
Contradictory results have been suggested for acidand base-catalyzed direct transesterification. An alkaline catalyst leads to soap formation by neutralizing the FFAs in the presence of residual water (Alcantara et al. 2000) ; as a result biodiesel yield becomes reduced due to consumption of catalyst for saponification process. Lower FFA containing feedstock (\1 %) is suggested for alkaline-catalyzed transesterification (Freedman et al. 1984; Schwab et al. 1987) . Alternatively, strong acid catalysts are preferred to avoid saponification. But acid-catalyzed esterification of FFAs results the water formation, which limits the completion of the reaction (Canakci and Van Gerpen 2001) . Thus, sensitivity to FFAs and moisture represents a severe issue for large-scale production of biodiesel with such feedstocks.
Water content
Water levels of microbial biomass significantly influence the production costs of biodiesel by direct transesterification. If microbial biomass contains high amounts of water, this decreases the extraction efficiency of lipids (Hidalgo et al. 2013) . In these cases, a higher molar ratio of alcohol to total lipid content is needed for in situ transesterification. If dried biomass is used as feedstock, it consumes less solvent, the process become faster and results in higher FAME yields (Kakkad et al. 2015) . Therefore, it is essential to overcome this limitation to obtain the benefits from the in situ transesterification. Ehimen et al. (2010) reported that with moisture content of microalgae biomass greater than 32 % (w/w), the oil to FAME conversion was almost inhibited, however, FAME conversion of 82 % was obtained when moisture content was reduced to 0.7 %. To improve the biodiesel yield, a number of techniques have been suggested, like increasing methanol dosage, using supercritical processes and integrating mechanical processes. Wahlen et al. (2011) obtained positive result by increasing methanol dosages. They were able to improve biodiesel yield from 50 to 84 % by increasing the methanol/biomass weight ratio from 25 to 53. However, this technique has a high cost compared to conventional method.
The efficiency of direct transesterification process can be improved by integrating promising technologies such as microwave or ultra-sonication (Hidalgo et al. 2013 ) that can enhance the mass transfer rate between immiscible phases, simultaneously reducing the reaction time even using biomass with high water content.
Solvent extraction
Most of the direct transesterification studies use a solvent to extract lipid from wet microbial biomass. Commonly used solvents are chloroform, hexane, 2-propanol and ethanol (Park et al. 2015) . However, heating for reflux requires high energy consumption and suffers from challenges in the solvent extraction and scale-up process (Halim et al. 2012a ). Cheirsilp and Louhasakul (2013) developed a method in which they carried out direct transesterification without adding nonpolar solvent. In that case, the reaction time was longer (6 h) with a methanol/biomass ratio of 125:1, but with the increase of methanol/biomass ratio to 209:1, the reaction time was reduced to 1 h. These might be due to the higher water content of the reaction medium. Wahlen et al. (2011) directly transesterified wet microalgae cells and found that the wet cells with a water content of more than 50 % needed a higher amount of methanol to achieve a FAME content of [70 %. On the other hand, Liu and Zhao (2007) achieved *60 % of FAME from the direct transesterification of the oleaginous yeast (Rhodosporidium toruloides) using methanol and sulfuric acid but the reaction time was longer (20 h). Nevertheless, the use of excess methanol will not drastically increase the process cost because it is recoverable and reusable for the next batch. Therefore, the use of a higher amount of methanol in direct transesterification would be cost effective compared to traditional solvent extraction method.
Proposed techniques for direct transesterification
Antimicrobial peptides
To break up the microbial cell wall, small molecular weight proteins known as antimicrobial peptides (AMPs) can be applied to the direct transesterification process. AMPs are characterized by both hydrophobic and hydrophilic sides that allow the molecule to be soluble in aqueous environments and pass into the lipid-rich membranes creating pores on the cell wall of the yeast (Izadpanah and Gallo 2005) . A simplified mechanism of AMP is illustrated in Fig. 2 . No study has reported the use of AMP to the purpose of lipid extraction for transesterification. However, some of these have been found to be very effective against pathogenic fungi (Smith et al. 2010) . They are supposed to create channels in the membrane thereby allowing cell contents to escape.
A well-known antimicrobial peptide, moronecidin or piscidin PCD-1, was isolated from the skin and gills of hybrid striped bass (Lauth et al. 2002) . The mature PCD-1 peptide consists of 22 amino acid residues Fig. 2 Piscidin is opening channels in cell membrane of a yeast species (image courtesy to Emily Harr Ington) (FFHHIFRGIVHVGKTIHRLVTG), and is not only cationic, but also amphipathic in nature (Chen et al. 2015) . Therefore, it might overcome the barrier of water content of wet transesterification and create pores in the cell wall as well as bring the intra-cellular lipid to organic reaction medium.
Undoubtedly, the addition of AMPs will increase the cost of direct transesterification process considerably. However, with this addition, the yield of FAME will also be increased, which can subsidize the overall cost. Therefore, there is a trade-off between the product yield and use of AMPs. Furthermore, it is not advisable to have trace amounts of the peptide in the extracted oil; now the question is how these AMPs would be removed from the direct transesterification extract.
Glycerol is the byproduct of biodiesel synthesis and it is a polar substance due to its three hydroxyl groups. The O atom pulls electrons towards itself from the H atom, thereby creating a dipole in the hydroxyl group. On the other hand, piscidin-1 (peptide) is highly cationic (McGavin et al. 2010) , which can make it soluble in glycerol. Therefore, during the purification of biodiesel or removal of glycerol, peptides can be removed concurrently. If this hypothesis holds true, the removal of AMPs from the direct transesterification extract will not add to the supplementary costs. However, no study has yet been done on this issue; it is a challenging task for future research.
Electroporation
Another possible way to quickly disrupt the cell membrane for in situ transesterification is electroporation. In this treatment, an external electric field is applied to increase cell conductivity and permeability. Electroporation technology enhances the transesterification process, producing pores in the microbial cells by exposing the substrate to electrical fields. Eventually, the cells are damaged and release lipids that can lead to instant FAME production through esterification with methanol.
A feasibility study of electroporation as a pretreatment method has been conducted by Garoma and Shackelford (2014) for algal biomass used as feedstock for anaerobic digestion to enhance the production of bio-CH 4 . They also reported that electroporated algal biomass significantly improved the soluble COD (SCOD), increasing it to more than 830 % at 28 kWh/ m 3 treatment intensity (TI). In addition to TI, culture conditions also influenced the performance of the electroporation process. According to Lindmark (2013) , with electroporation, the reactor, electric current, the distance between the electrodes and the number of pulses also have an effect on the biomass. In the electroporation process, electric pulses form pores in the phospholipid bilayer of a cell and subsequently enlarge the pores and permit solvents to penetrate the cell (Fig. 3 route 1) . This phenomenon occurs when the pulse strength is mild and mostly applicable for medical science and genetic engineering (Kotnik et al. 2015) . Nevertheless, this technique has potential scope to use for the microbial oil extraction in biodiesel synthesis process, where electroporation allows intracellular lipids of microorganism to escape ( Fig. 3 route 2 ) and instantly react with the methanol.
Electroporation is applicable at both macro and micro scales. All electroporation approaches involve specific pulse generators depending on the application scales, either short electrical pulses at high voltage or long electrical pulses at low voltage (Geng et al. 2010; Lin and Huang 2001) . The pulse generation is associated with high apparatus cost and the logistic burden. To date, most of the electroporation are practiced in small reactor (*1 ml or *10 6 cells). Simple and low cost electroporation equipment for mass volume of sample have not been established yet (Geng et al. 2010) .
Some of the studies proposed mathematical models to describe an electroporation process (Joshi and Schoenbach 2000; Krassowska and Filev 2007) , and also proposed electrical circuit model (Fig. 4) to optimize the process. Here, symbols are represented as V 0 ? the external voltage, R s ? the resistance of the experimental setup, C ? the capacitor (the cell's membrane), R ? the resistance of the membrane, I p ? current through electropores. The transmembrane potential, V m can be expressed by the following differential equation:
If the resistance of microbial cell membrane (R) is high, cell disruption can be accelerated by increasing the value of V m .
A two-pulse practice has been suggested (Sukharev et al. 1992 ) to assist electrophoretic movement of drug molecules into the cell for medical application.
However, this technique is also appropriate for biofuel application of electroporation. Two-pulse etiquette comprises of two electric pulses disconnected by a relaxation interval, as illustrated in Fig. 5 . The first pulse is applied with a high voltage for a shorter time, which rapidly generates a number of pores on the cell wall. During the relaxation interval, pore size starts shrinking. Then, a weak pulse is applied for a longer time to keep the pores open facilitating the intracellular lipids to exit. The minimization of the membrane energy is the driving factor behind the division of all pores using two-pulse protocol (Krassowska and Filev 2007) . Figure 6 shows a proposed experimental setup with an integrated electroporation system to achieve efficient direct-transesterification of microbial lipids. Due to electroporation, the temperature of the reaction medium will increase. Temperature is an essential factor in the transesterification reaction, and plays a constructive role in lipid extraction from biomass and increased lipid solubility (Hidalgo et al. 2013) . Furthermore, high temperatures accelerate FAME yield with acid catalyst, at the same time it may cause lipid degradation (Canakci and Van Gerpen 2003) . Therefore, increment of temperature from electroporation may enhance the miscibility between the reacting species as well as biodiesel yield (Ehimen et al. 2010; Ö zgül-Yücel and Türkay 2002) . This issue should be considered during the reactor design and experimental activities.
Conclusion
Although direct transesterification is a cost-effective way to synthesize biodiesel from microbial oils or lipids, it is still practiced only at the laboratory scale. This review identifies the limitations of direct transesterification process and suggested solutions to overcome those obstacles applying chemical and physical methods like treatment with AMPs and electroporation. The most critical difficulties in transesterification are identified as the water content of biomass and cell wall break up to extract maximum intracellular lipids. Therefore, future research should be focused on those issues to make cost-effective biodiesel synthesis from microbial biomass. Incorporation of the proposed techniques may contribute in direct transesterification of microbial lipids by increasing the efficiency of biodiesel production rate.
